The mycelial growth, sclerotial production, and carbon utilization of the snow mould biocontrol agent Typhula phacorrhiza Fries were compared with the two grey snow mould fungi, Typhula ishikariensis Imai and Typhula incarnata Lasch ex Fries. Variation was observed among the four isolates for each species, but there was greater variation among species. All three species were able to grow at the lowest temperature (0°C), but temperature optima differed with T. ishikariensis lowest and T. phacorrhiza highest. On potato dextrose agar or potato malt agar at 10°C, T. phacorrhiza had greater radial growth than T. ishikariensis but less than T. incarnata. All species could utilize microcrystalline cellulose, bacto-cellulose, and glucose as carbon sources, but radial growth of T. phacorrhiza was significantly greater than T. incarnata and T. ishikariensis on these defined carbon sources tested, except for Indulin-AT, which was inhibitory to T. incarnata and T. phacorrhiza. This greater ability to utilize these structural and storage carbohydrates, combined with mycelial growth and sclerotial production over a wider range of temperatures, may help explain how some isolates of T. phacorrhiza are able to outcompete grey snow mould in field tests.
Introduction
The genus Typhula contains two species of economic importance, Typhula ishikariensis Imai and Typhula incarnata Lasch ex. Fries. These two pathogens cause grey snow mould of grasses in areas of heavy and long-lasting snow cover and are found worldwide. Typhula incarnata has been observed to attack plant tissues in winter in the absence of snow cover (Bruehl and Cunfer 1971; Detiffe et al. 1981) . The type species of the genus, Typhula phacorrhiza Fries, has been collected frequently as a saprotroph overwintering on leaves, petioles, grasses, and herbaceous stems (Remsberg 1940) . In Ontario, Canada, this psychrophilic organism has been observed most frequently on organic debris in winter wheat (Triticum aestivum L.) and corn (Zea mays L.) fields after at least 80 days of snow cover (Schneider and Seaman 1986; Burpee et al. 1987) . Typhula phacorrhiza has the ability to grow under snow and suppress the development of grey snow mould (Burpee et al. 1987; Matsumoto and Tajimi 1992; Wu et al. 1998) , although there is a report that it can cause disease on winter wheat (Schneider and Seaman 1986) . Burpee et al. (1987) suggested that the mechanism by which T. phacorrhiza suppresses grey snow mould disease is not a direct effect such as hyperparasitism or cellular lysis, but that nutrient competition may be the mode of action. In 3 years of field testing, we found that 10% of the T. phacorrhiza isolates tested showed very high suppressive activity against grey snow mould (Wu et al. 1998) .
Most studies on Typhula have been carried out on plant pathogenic species, particularly T. ishikariensis and T. incarnata. Bruehl and colleagues in Washington State extensively examined the sexuality and pathogenicity of T. ishikariensis, Typhula idahoensis Remsberg, and T. incarnata (reviewed by Bruehl 1988 ). Matsumoto's group in Japan has published a series of papers on biology, taxonomy, ecology, and population variability of T. ishikariensis and T. incarnata (e.g., Matsumoto 1994) .
Few studies have examined and compared the growth and physiology of different Typhula species. Dejardin and Ward (1971) compared the growth and respiration of single isolates of T. idahoensis, T. incarnata, and Typhula trifolii Rostr., and Sweets and Stienstra (1981) examined temperature and carbon source effects on single isolates of T. ishikariensis and T. incarnata. Both studies found differences between species, but the single isolates used for each species limits the strength of the conclusions. Schneider and Seaman (1988) examined the relative saprophytic behaviour of the same three Typhula species used in this study. They found that T. incarnata had the highest competitive saprophytic ability, followed by T. ishikariensis, and that all three species were able to colonize both living and nonliving wheat tissues in vitro. On the other hand, Jacobs and Bruehl (1986) concluded that the grey snow mould fungi are poor saprophytes in nature and require parasitism for their existence. Again, the use of single isolates per species in both studies limits the interpretations. There has been no previous study reporting on the in vitro growth of multiple isolates of T. phacorrhiza and no previous reports comparing its in vitro growth to the grey snow mould fungi, T. ishikariensis and T. incarnata.
All three species are all found most abundantly immediately after snowmelt, and thus, it is likely that the environmental requirements of T. phacorrhiza overlap with those of T. ishikariensis and T. incarnata. This overlap may allow T. phacorrhiza to compete successfully with these pathogens in field tests (Burpee 1994; Wu et al. 1998) . Near-freezing temperatures with prolonged snow cover are major prerequisites for development of grey snow mould disease (Smiley et al. 1992) , and hence, any putative biocontrol agent of grey snow mould would need to share these preferences.
In this study, factors affecting the mycelial growth and sclerotial production of T. phacorrhiza were compared with T. ishikariensis and T. incarnata. The objective was to characterize favourable temperatures for growth and sclerotial production for the three Typhula species and to examine their relative abilities to exploit structural carbohydrates and simple storage sugars. Knowledge of the conditions for production of sclerotia could be important for product formulation, and sclerotia may play a major role in the long-term residual efficacy of biocontrol agents. The specific hypothesis tested was that T. phacorrhiza has a broader temperature range for growth and can better exploit structural carbohydrates and simple sugars than the grey snow mould fungi.
Materials and methods

Fungal isolates
All isolates of Typhula used in this study originated from southern Ontario (Table 1) . Colonies were obtained from stock cultures maintained on potato dextrose agar (PDA) slants (Difco Laboratories, Detroit, Mich.) at 4°C with periodic transfers. The T. phacorrhiza isolates used in this study had been tested in field trials and were found to be suppressive to grey snow mould (Wu et al. 1998 ). The isolates of T. ishikariensis and T. incarnata tested here have been used in previous trials as incitants of grey snow mould (Hsiang and Cook 1995) . Four isolates of each species were used in the following tests.
Temperature and media effects
Mycelial radial growth and sclerotial production were evaluated on two media at six temperatures. Agar plugs, 5 mm in diameter, were taken from actively growing colonies on PDA and transferred into screw-cap test tubes (21 × 150 mm) containing either 6 mL of BASM (1% malt in potato agar, Smith 1981) or two-thirds filled with autoclaved mixed grains (MG, an equal mixture of wheat, Tritcum aestivum L.; oat, Avena sativa L. barley, Hordeum vulgare L.; and corn, Zea mays L.). The BASM slants had been allowed to set with test tubes places horizontally so that a flat thin layer of agar sat inside the length of each tube. Inoculated tubes were placed in incubators at 0, 4, 10, 15, 20, and 25°C. Three or four replicate tubes were used for each isolate. After 39 days of incubation, radial growth was measured. After 10 weeks of incubation at 10°C, the test tubes were assessed for sclerotial production. The number of sclerotia per tube was estimated to the nearest 10 for BASM medium, or to the nearest 100 for mixed grain medium. All data were subjected to analysis of variance. When significant treatment effects were found, means were separated by the test of least significant difference (p = 0.05).
pH effects
The effect of pH on growth and sclerotial production was determined on PDA plates. Initially we tried to use BASM, but there were problems with solidification, especially at low pH. For these pH tests, we used plates instead of tubes so that a larger amount of media would be available to maintain a more consistent pH. Media The plates were sealed with parafilm and placed into nonairtight plastic containers. The cultures were incubated at 10°C, and radial growth (two directions) and sclerotial production were assessed after 39 days and 10 weeks, respectively. There were four replicate plates for each combination of isolate and pH. All data were subjected to analysis of variance. When significant treatment effects were found, means were separated by the test of least significant difference ( p = 0.05).
Carbon source effects
Mycelial growth and sclerotial production were assessed on microcrystalline cellulose, bacto-cellulose, carboxymethylcellulose, Indulin-AT, D-cellobiose, and glucose at 10°C. The first four are structural carbohydrates, and the last two are simple storage sugars. Each carbon source was mixed with Czapek-Dox salt solution (modified from Dhingra and Sinclair 1995) to a 2% dilution in 1.5% agar. The Czapek-Dox salt solution contained sodium nitrate (0.2%), dipotassium phosphate (0.1%), magnesium sulfate (0.05%), potassium chloride (0.05%), and ferrous sulfate (0.001%). Six millilitres of media were aliquoted into a screw cap test tube (21 × 150 mm), autoclaved, and allowed to set horizontally. A 5 mm diameter agar plug taken from an actively growing colony on PDA was transferred into a screw-cap test tube containing the carbon source media and incubated at 10°C. Mycelial growth and sclerotial production were assessed following the same time intervals and scoring as for the pH test. Three replicate tubes were used for each isolate. All data were subjected to analysis of variance. When significant treatment effects were found, means were separated by the test of least significant difference ( p = 0.05).
Results
Temperature effects
Variation in growth among isolates of a species was observed, but variation among species was greater (Fig. 1) . On both BASM and MG media, isolates of T. phacorrhiza grew abundantly at temperatures from 0 to 15°C, with significantly highest mycelial growth at 15°C (Fig. 2) or 10 to 15°C (Fig. 1) . Isolates of T. incarnata also grew at 0 to 15°C, with significantly highest growth at 10°C (BASM) or 4°C (MG). Isolates of T. ishikariensis showed greatest growth between 0 and 10°C (Fig. 1) , with significant variation between isolates: on BASM, two isolates had optima at 4°C while the other two had optima at 10°C (Fig. 1) . Except for isolates of T. phacorrhiza on MG, very little mycelial growth was found at 25°C.
All isolates of the three Typhula species produced abundant and characteristic sclerotia at temperatures ranging from 0 to 15°C (Fig. 2) . Significantly larger numbers of sclerotia were formed on MG than on BASM. Sclerotia of T. phacorrhiza were consistently much larger than those of the grey snow mould fungi. Long, sterile, yellowish-brown sporophores developed abundantly in culture from sclerotia or mycelium of isolates of T. phacorrhiza when the temperature was higher than 10°C. On MG, no sclerotia were formed at 25°C. On BASM at 25°C, T. incarnata or T. phacorrhiza formed small, brown colonies with a few sclerotia around the initial inoculum, while T. ishikariensis did not form any sclerotia.
pH effects
The effect of pH on mycelial growth and sclerotial production at 10°C was similar for the three Typhula species (Table 2 ). All isolates grew over the pH range of 4.0-9.0 with greatest growth between pH 5.0 and 8.0. At pH 3.0, T. incarnata showed very limited mycelial growth, while the two other species did not grow at all. Mycelial growth of T. phacorrhiza was partly inhibited at pH 4.0. At pH 3.0, no sclerotia of T. ishikariensis or T. phacorrhiza were present, and only a few sclerotia of T. incarnata were formed around the inoculum plug. With increasing pH, sclerotial numbers increased and reached a plateau beginning at pH 6.0 (T. incarnata and T. ishikariensis) or pH 8.0 (T. phacorrhiza). During the 10 weeks of testing, no sclerotial germination was observed with T. ishikariensis or T. incarnata, but it was frequently observed with T. phacorrhiza with highest germination rates between pH 6.0 and 8.0.
Carbon utilization
All isolates of the three Typhula species showed greatest radial growth on media containing microcrystalline cellulose, followed by bacto-cellulose, glucose, and carboxymethylcellulose (Table 3) . Growth on the two carbon sources, D-cellobiose, and Indulin-AT, was not significantly greater than that on unamended media containing the basic salt solution, except for T. ishikariensis on Indulin-AT. On other media such as BASM, mixed grains (Fig. 2) or PDA (Table 2) at 10°C, T. incarnata was found to grow faster than T. phacorrhiza; however, on different carbon sources in Czapek-Dox agar, T. phacorrhiza grew significantly faster ( 0p = 0.05) than either T. incarnata or T. ishikariensis, except for Indulin-AT where mycelial growth of T. phacorrhiza and T. incarnata was inhibited.
Isolates of T. phacorrhiza did not produce sclerotia on any of the amended carbon source media. Isolates of T. incarnata generally produced sclerotia when grown on microcrystalline cellulose, bacto-cellulose, glucose, or salt solution, but negligibly on carboxymethylcellulose, D-cellobiose, or Indulin-AT. Isolates of T. ishikariensis produced sclerotia on microcrystalline cellulose, bacto-cellulose, glucose, or carboxymethylcellulose but not on D-cellobiose or Indulin-AT.
Discussion
The use of mycelial radial extension as a measure of growth is more convenient that measuring biomass, but it has a major limitation since filamentous fungi are known to produce extensive colonies with little biomass under adverse conditions such as low nutrients (Hudson 1986 ). Mycelial radial growth on agar media have been most useful for studying the temperature effects on growth, but because it does not account for branching, its usefulness is limited when studying other factors (Griffin 1994) . We attempted to grow the fungi in liquid culture with the defined carbon sources, but even after 8 weeks, there was negligible colony formation. Attempts to measure biomass were also confounded by precipitates, so all mycelial growth measurements in the study were made on agar media.
The temperature-growth relationships observed here for the two grey snow mould species are similar to those previously reported (Remsberg 1940; Dejardin and Ward 1971) . Winter snowfall and temperatures are important in the distribution of pathogenic Typhula species and development of grey snow mould disease (Smiley et al. 1992 a Radial growth was measured after 39 days, and sclerotial number per 9 cm diameter plate was assessed after 10 weeks of incubation at 10°C. Values are means ± SE for four isolates per species with four replicates per isolate.
b The pH of PDA media was adjusted with 0.1 M HCl or KOH. Table 2 . Influence of pH on mycelial growth and sclerotial production of three Typhula species. to T. ishikariensis (Sweets and Stienstra 1981) . Indeed, on BASM, T. ishikariensis grew as abundantly at 0°C as it did at 10°C, while T. incarnata grew significantly faster at 10°C than it did at 0°C. Typhula incarnata reportedly can survive exposure to higher temperatures than T. ishikariensis (Dejardin and Ward 1971) , and on both BASM and MG, T. incarnata grew significantly faster than T. ishikariensis at 15 and 25°C.
Typhula phacorrhiza grew between 0 and 20°C, with significantly highest growth at 10 or 15°C on BASM. There was much less growth at 25°C on BASM or MG. The ability of Typhula phacorrhiza to grow over a wider range of temperatures above freezing may provide it a competitive edge against the two other Typhula species, particularly in areas such as southern Ontario where continuous snow cover often does not reach 3 months. Abundant sclerotia of T. phacorrhiza can be observed on corn residues after snowmelt even without the 80 days of continuous snow cover required by the grey snow mould fungi (unpublished data).
Psychrophilic fungi grow at low temperatures, with observable growth at 0°C and growth inhibition above 20°C (Griffin 1994) . Both grey snow mould fungi fit this definition. Dejardin and Ward (1971) speculated that continued exposure to higher temperatures for the grey snow mould fungi would eventually be lethal. However, when incubated at 25°C for 39 days, which was 5°C higher than tested by Dejardin and Ward (1971) , we still found measurable growth for all three species. Perhaps the solitary isolates per species that they tested were more sensitive to higher temperatures.
Typhula ishikariensis and T. incarnata grew abundantly between pH 4.0 and 9.0 with plateau-shaped growth curves and slight peaks at pH 6.0 and pH 5.0, respectively. This is similar to Sweets and Stienstra (1981) who found growth between pH 4 to pH 9, with definite optima at around pH 6.5 in bell-shaped growth curves for the same two species. In general, optimum pH for fungal growth may occur over a broad region extending over several pH units, with few species growing abundantly below pH 3 or above pH 9 (Ingold and Hudson 1993) . The study of pH effects on fungal growth is difficult because varying pH may alter other features of the medium and because the pH of the medium can change during incubation even if the medium is well buffered (Ingold and Hudson 1993) . Sweets and Stienstra (1981) also used PDA plates with pH-adjusted with HCl or KOH as we used, and found that the final pH reading was within 1.0 pH unit of the initial pH. For T. phacorrhiza, growth and sclerotial production were abundant over the pH range of 5.0 to 9.0, with partial inhibition at pH 4.0 and total inhibition at pH 3.0.
The difference in carbon and nitrogen utilization between T. ishikariensis and T. incarnata was examined previously by Sweets and Stienstra (1981) , where they tested mycelial growth on mono-, di-, and tri-saccharides plus malt extract, starch, dextrin, and inulin, all of which are storage carbohydrates. They found some differences between the species, but the single isolate per species precludes definitive conclusions. Our study is the first report on in vitro utilization of various carbon sources by T. phacorrhiza, including glucose and D-cellobiose, which are simple storage sugars, and the structural carbohydrates microcrystalline cellulose, carboxymethylcellulose, bacto-cellulose, and Indulin-AT. On BASM at 10°C, T. phacorrhiza showed greater radial growth than T. ishikariensis but less than T. incarnata (Fig. 2) ; however, on the various defined carbon sources, T. phacorrhiza showed greater radial growth than the other two species, except for T. ishikariensis on Indulin-AT (Table 3) . Radial growth on BASM was greater than that on any of the defined carbon sources.
An interesting finding was the lack of sclerotial production by T. phacorrhiza on any of the amended carbon sources, while both T. ishikariensis and T. incarnata produced many sclerotia on microcrystalline cellulose, bactocellulose, and glucose. There are several possible explanations as to why T. phacorrhiza was able to grow well on the different carbon source media but did not produce sclerotia. Something in the basic Czapek-Dox agar might have been inhibitory to T. phacorrhiza sclerotial production, while not inhibiting either T. ishikariensis or T. incarnata. Secondly, the particular carbon sources tested might have inhibited T. phacorrhiza from producing sclerotia. For example, Indulin-AT inhibited growth of T. phacorrhiza and T. incarnata and totally inhibited sclerotial production of all three species. Indulin-AT is an alkali lignin, and lignins are considered to be nonspecific enzyme inhibitors (Kuc 1979) . In general, conditions that are unfavourable for growth may enhance sclerotial production (Chet and Henis 1975) , and hence another possibility was that (except for Indulin-AT) the conditions may not have been sufficiently unfavourable for mycelial growth of T. phacorrhiza. More research is needed to determine why T. phacorrhiza did not produce sclerotia on these carbon sources.
The finding that T. phacorrhiza is able to grow faster on any of the defined carbon sources at least partly supports the hypothesis that competition for nutrients between T. phacorrhiza and T. incarnata or T. ishikariensis may be important in the suppression of grey snow mould. This greater ability to utilize these structural and storage carbohydrates, combined with good growth over a wider range of temperatures may help explain how some isolates of T. phacorrhiza are able to suppress grey snow mould. However, more research is needed on the direct mechanism of action of T. phacorrhiza on the snow mould fungi.
